Summary: Continuous EEG (CEEG) monitoring allows uninterrupted assessment of cerebral cortical activity with good spatial resolution and excellent temporal resolution. Thus, this procedure provides a means of constantly assessing brain function in critically ill obtunded and comatose patients. Recent advances in digital EEG acquisition, storage, quantitative analysis, and transmission have made CEEG monitoring in the intensive care unit (ICU) technically feasible and useful. This article summarizes the indications and methodology of CEEG monitoring in the ICU, and discusses the role of some quantitative EEG analysis techniques in near real-time remote observation of CEEG recordings. Clinical examples of CEEG use, including monitoring of status epilepticus, assessment of ongoing therapy for treatment of seizures in critically ill pateints, and monitoring for cerebral ischemia, are presented. Areas requiring further development of CEEG monitoring techniques and indications are discussed.
In patients with severe cerebral dysfunction, substantial alterations in brain function or structure must occur before significant changes become evident in an already abnormal neurologic examination. Because of this, our ability to assess for clinically significant neurologic deterioration (or improvement) in critically ill patients has been limited. Deterioration may become evident only at the time of irreversible catastrophe. These difficulties have prompted the development of new clinical assessment tools. Recent clinical experience and an expanding body of literature suggest that the use of continuous EEG (CEEG) monitoring techniques can greatly enhance the neurologic assessment and care of critically ill patients.
BRAIN MONITORING: ADVANTAGES OF CONTINUOUS EEG (CEEG) MONITORING
Of available techniques for brain monitoring (Table  1) , EEG presents several advantages. The EEG provides reasonable spatial resolution (i.e., activity in different brain regions can be assessed simultaneously) and excellent temporal resolution (to ∼2-4 ms in conventional digital EEG machines). It can be applied in either structural disorders (such as potentially expanding mass lesions) or metabolic/physiological disorders (seizures, metabolic encephalopathies, postanoxic injury). Previous difficulties associated with bedside use of the EEG, such as excessive paper use, mechanical malfunctions, and problems in providing real-time review, have been largely eliminated with the advent of computerized digital recording techniques and data transmission via computer networks. The major remaining problem concerns the availability of expertise for continuous real-time or near real-time interpretation of EEG patterns. Some persons with relatively little training in EEG can be trained to recognize some patterns correctly (1). However, definitive interpretation of changing patterns and distinction of cerebral activity from artifact remain the realm of the experienced electroencephalographer. Current approaches to decreasing the complexity in EEG analysis and expanding the availability of interpretive expertise are discussed.
Indications
Continuous EEG monitoring in the intensive care unit (ICU) can now provide timely and therapeutically important data regarding cerebral function. These data are most often used in decision making regarding antiepileptic drug (AED) manipulations, the need for immediate neuroimaging studies, and alterations in therapy to assure adequate cerebral perfusion. Additional areas of potential use include management of metabolic coma and decision making regarding prognosis for cerebral recovery after severe brain injury.
Monitoring of nonconvulsive seizure activity
Accumulating evidence indicates that nonconvulsive seizures probably occur in a substantial fraction of obtunded or unresponsive patients in ICU settings. Although large patient populations have not been studied prospectively, retrospective analyses suggest that 11-55% of patients in neurologic ICUs may be experiencing nonconvulsive seizures. Such seizures may prolong the need for intensive care and may worsen the degree of brain injury associated with a prior insult such as severe head trauma. Jordan (2) , with continuous EEG techniques in a neurologic ICU, documented seizures in 35% of 124 patients. Nonconvulsive seizure activity or nonconvulsive status epilepticus occurred in about three fourths of this group, and these patients had no significant clinical signs indicative of possible nonconvulsive seizures. Loewenstein and Aminoff (3) reported that 70% of comatose patients with nonconvulsive seizures had only subtle motor movements, and 10% had no clinical signs. Thus, accumulating evidence suggests that we are currently unaware of the presence of nonconvulsive seizure activity in many obtunded or comatose critically ill patients. A diagnosis of intermittent or ongoing subclinical seizure activity usually results in introduction or intensification of AED therapy. However, because the occurrence of such seizures is often recognized only late in the course of an illness, the clinical impact of treatment may be suboptimal. Litt et al. (4) noted no improvement in outcome in critically ill elderly patients in nonconvulsive status epilepticus treated with higher doses or a greater number of AEDs. They also noted an increased risk of mortality in elderly patients who had received benzodiazepines (BZDs)as part of their therapy. Current data suggest that duration of status epilepticus before treatment correlates with the likelihood of treatment failure (5), but we do not know whether earlier identification and treatment of nonconvulsive status epilepticus in the critically ill would improve outcome.
Data from the recent Veterans Administration cooperative trial concerning treatment of status epilepticus (6, 7) and from the Richmond, Virginia, area prospective study of status epilepticus (8) also indicate a role for continuous EEG monitoring in patients with cessation of generalized convulsive seizure activity after treatment. In the Veterans Administration trial, 20%, and in the Richmond study, 14% of patients with cessation of clinical generalized convulsive seizure activity proved to have ongoing nonconvulsive status epilepticus documented on EEG. An additional 34% of patients in the Richmond study had persistent intermittent electrographic seizures. These findings suggest that continuous EEG monitoring should be performed after resolution of convulsive status epilepticus, especially when rapid cognitive recovery is not evident. Because rapid cognitive recovery is usually not present immediately after resolution of convulsive status (6), a strong argument can be made for evaluating the majority of patients in status epilepticus with extended EEG monitoring. When nonconvulsive status epilepticus is diagnosed, only CEEG monitoring can provide sufficient information to guide ongoing AED therapy. Claassen et al. (9) , using CEEG monitoring, recently assessed the effect of intravenous midazolam (MDL) on the course of refractory nonconvulsive status epilepticus. They found that seizures that recurred during MDL therapy were almost always either clinically subtle or purely electrographic, and required EEG monitoring for their detection.
Cerebral ischemia
The EEG becomes substantially abnormal (suppressed) when cerebral blood flow declines to 20-30 ml/100 g/min (10) (11) (12) . More subtle abnormalities accompany lesser degrees of hypoperfusion, including initial loss of beta activity, slowing to the theta range, and then to the delta range (13, 14) . Irreversible injury to brain tissue occurs at cerebral flows of Յ10-12 ml/100 g/min. Thus, the EEG sensitivity to ischemia allows its use in situations where cerebral perfusion is at risk. Observations from the use of CEEG monitoring in patients with subarachnoid hemorrhage suggest that this technique also may be useful in patients with cerebral ischemia from vascular diseases of other causes. For in- stance, it might be used in patients with transient ischemic attacks under observation for stroke evolution. In such cases, especially when the patient is sleeping and cannot report new symptoms, the finding of significant EEG changes might prompt earlier clinical reassessment and so foster better outcomes with thrombolytic or neuroprotective therapies.
Acute severe head injury assessment
Convulsive and nonconvulsive seizures commonly occur soon after severe head injury. Because severely injured patients are frequently sedated and chemically paralyzed, assessment of brain function becomes very difficult. Using CEEG monitoring, Vespa et al. (16) prospectively studied and identified nonconvulsive seizures or nonconvulsive status epilepticus in 11 of 92 patients after acute moderate-to-severe head injury. Seizures occurred despite prophylactic phenytoin (PHT) administration resulting in adequate serum PHT concentrations. Because the excessive metabolic demands of ictal activity may further compromise at-risk brain tissue after severe head injury, the early recognition and prompt treatment of nonconvulsive seizures and nonconvulsive status epilepticus should, in principle, improve outcome. However, no prospective or comparative studies have addressed this question.
When induction of pentobarbital (PTB) coma is necessary for management of elevated intracranial pressure, CEEG monitoring is the test of choice for assessing brain activity and efficacy of therapy. Using continuous EEG, the PTB dosage is adjusted to produce a suppressionburst pattern. Further loss of EEG activity does not generally lessen intracranial pressure and is associated with an increased risk of systemic hypotension and cerebral hypoperfusion (17, 18) .
Finally, CEEG monitoring can potentially be used to assess for focal changes suggestive of new or worsening focal mass effects in patients with severe head injury. Such changes could prompt imaging evaluations and therapeutic interventions before irreversible injuries occur.
Coma diagnosis and prognosis
Routine EEG, depicting only a brief sample of brain activity, can yield incomplete or misleading data concerning cerebral function in comatose patients. Prolonged EEGs allow better assessment of variability in EEG function, dependency of abnormalities on state, and the presence of intermittent nonconvulsive seizure activity. Detection of seizure activity is of obvious value, but recognition of other EEG findings in comatose patients is of yet unproven merit. Systems for grading EEG findings in the setting of coma have been proposed (19, 20) but have not yet been applied to data from prolonged or CEEG studies. Pressler et al. (21) recently found that serial neonatal EEGs provided useful prognostic data concerning neurologic outcome in the setting of neonatal hypoxic-ischemic encephalopathy. It seems likely that assessment of variability in EEG pattern-over hours as opposed to minutes-will increase the value of EEG data in establishing prognosis in comatose patients. Whether CEEG recording will provide independently useful and clinically compelling prognostic data in obtunded or comatose patients remains unanswered.
In a subset of patients with severe motor abnormalities resulting from brainstem injury (i.e., locked-in syndrome), severe polyradiculopathies (e.g., Guillian-Barré syndrome), or chemical paralysis (neuromuscular blocking agents; botulism), CEEG monitoring provides a means of assessing cerebral function, state, and response to sedation. It also allows assessment of cerebral function for the appearance of secondary insults such as excessive medication effects or metabolic encephalopathies.
TECHNICAL METHODS
The use and widespread applicability of CEEG monitoring has been made possible by rapid progress in computer and computer network technologies.
CEEG is recorded digitally to storage media with standard or small-footprint EEG recording devices. For most ICU applications, recording rates of 128-256 samples/s/ channel provide adequate resolution for reliable interpretation. At a sampling rate of 256 samples/s/channel, collecting a 32-channel EEG (more than is needed for most indications) will require ∼1.5 GB (750 MB compressed) of storage capacity per day per patient. Additional files concerning quantitative EEG analyses and various display formats may add another 500 megabytes/ day/patient. Thus, 2 GB of available storage per patient per day suffices for detailed EEG studies. With an 80-GB hard drive now costing <$300, the previously daunting issue of affordable data-storage capacity for continuous EEG monitoring has vanished.
The connection to the recording device to the patient remains one of the greatest challenges to adequate CEEG recording. This problem is magnified by the prolonged nature of the recordings and a frequent need to perform neuroimaging studies [computed tomography (CT) and magnetic resonance imaging (MRI) scans] on patients with structural abnormalities of the brain and brainstem. Centers performing CEEG have used several approaches to maintain the patient-to-EEG interface in obtunded or comatose patients. These include subdermal needle electrodes glued to the scalp with collodion, subdermal needles stapled to the scalp with surgical staples, and standard disk electrodes glued to the scalp with collodion. Young et al. (22) recently reviewed some of the problems inherent in CEEG monitoring in the ICU. In general, given the high level of 60-Hz background activity in the ICU and the likelihood of electrode impedance mismatches during prolonged recording, it is advisable to record or at least display EEG with a 60-Hz notch filter in place.
After acquisition of EEG, the data must be made available for review by staff in the ICU and by the observing and interpretative team of EEG technologists and electroencephalographers. Until recently, this step of the process had severely limited the practical utility of CEEG monitoring in the ICU. Because reliable interpretation of significant EEG changes must be available shortly after such changes occur, both raw and quantitatively displayed EEG data must be available for remote near real-time review by personnel proficient in EEG interpretation. Although there has been some success in training ICU nursing staff to recognize certain significant EEG patterns (1), definitive interpretation of the often technically complicated CEEG recordings ultimately falls to the electroencephalographer.
The need for intermittent review and interpretation continues day and night, making both in-hospital and outside-the-hospital review capabilities a necessity. To accomplish this, secure data access must be available from remote locations. This can be accomplished through Web-based access to the EEG (using virtual private networks and a secure password-protected Web server providing images of EEG and quantitative analy- sis data) or via dedicated connections to a hospital-based EEG server. In general, Internet-based solutions are most robust, as the electroencephalographer must have access to the EEG for review at any time and from any place. The rapidly developing availability of wireless access to the Internet has made on-the-go CEEG data review possible. Within a few years, there will likely be no barrier to reviewing CEEG data from a countryside park almost as easily as from the patient's bedside or the primary EEG laboratory.
Review of each minute of CEEG data is generally neither practical nor necessary. To aid in data reduction without loss of sensitivity to significant changes, a variety of quantitative EEG analysis and display techniques have been harnessed for use in CEEG monitoring. For the most part, these involve fast Fourier transforms of EEG data performed in near real-time and subsequently displayed in a variety of ways. Common display techniques include color spectrograms, hidden line compressed spectral arrays, displays of total power in certain EEG frequency bands (e.g., 6-14 Hz), ratios of power in certain bands to a broader spectrum of EEG power (e.g., ratio of power in 6-to 14-Hz band vs. 1-to 20-Hz band), and spectral edge displays. Such displays can be generated for individual channels or a combination of channels to provide overviews of right and left hemispheric activities.
Review of quantitative displays usually quickly reveals significant EEG changes such as seizures, worsening of focal slowing, generalized suppression, loss of faster frequencies, or increasing or decreasing EEG variability. To assess the significance of the change seen on a quantitative EEG display graph, it is critical that the associated raw EEG be immediately available for review and comparison. This allows ready distinction of a significant change in cerebral activity from artifact-related changes, and for specific interpretation of the nature and significance of such changes. Such findings can then be conveyed immediately to the ICU staff for appropriate integration into the patient's care. In the past, an inability to access immediately the raw EEG data used to generate quantitative displays severely limited the applicability of quantitative techniques to continuous EEG monitoring in the ICU. The ongoing review of EEG can involve several layers of observation. These include personnel at the bedside, who may be observing both the EEG in real time and the quantitative display graphs, a remotely located technologist with a much higher level of interpretative skills, and the attending electroencephalographer. Skilled EEG technologists can monitor multiple patients simultaneously, thus greatly increasing cost efficiency. The skilled technologist can act as a first-level filter, alerting the electroencephalographer when a potentially significant EEG change occurs so that rapid definitive review and interpretation can occur. In addition, or sometimes alternatively, alarms can be programmed to activate automatically and alert ICU personnel and the electroencephalographer if certain conditions are evident in the ongoing quantitative EEG data or processed EEG. For example, many seizures are associated with a sudden substantial increase in the mid-theta plus alpha power of the EEG. A computerized observation paradigm can be programmed to generate alerts for such a condition, and to exclude events likely to be of artifactual origin. Seizure-detection programs also can be used independently or in concert with other types of quantitative analyses. Despite such techniques, however, our current computer-assisted observation techniques are still too insensitive and nonspecific to replace a skilled human observer effectively.
CLINICAL EXAMPLES Quantitative transformations of the EEG
The following examples illustrate some techniques used to depict the EEG as simplified graphical data. In the first example, a segment of EEG containing photic driving responses (Fig. 1 ) is converted to a hidden-line compressed spectral array (Fig. 2) , and then to a spectrogram using similar graphing axes (Fig. 3) .
The 12-Hz driving response evident in Fig. 1 and additional driving responses at 6, 10, 12, 15, and 20 Hz are evident in the hidden line compressed spectral array (CSA; Fig. 2 ) depicting ∼240 s of EEG obtained from a P3-O1 derivation. Each line in the CSA represents the frequency-specific power from 0 to 30 Hz contained in the EEG during consecutive 8-s epochs (P3-O1 derivation). The spectrogram (color contour compressed spectral array; Fig. 3 ) depicts the same data in yet another manner, expressing the power present at a particular frequency as graded color map rather than the height of a line. In this example, black represents low power in the EEG at a particular frequency, whereas blue, green, and yellow indicate progressively greater amounts of EEG power. This simplified display continues to depict the same data as the hidden-line CSA. As shown in these figures, the driving responses remain clearly evident despite progressive visual simplification of the quantitative EEG representation. Now consider Fig. 4 , which depicts the entire EEG as a color spectrogram. To conform to common convention, time is now expressed on the x-axis, and frequency on the y-axis (i.e., this graph is rotated compared with the prior graphs, with time now represented as would be present on an EEG, flowing from left to right). The circled responses to photic stimulation clearly stand out from the remainder of the ∼20-min waking EEG. Figure 5 depicts a quantitative color spectrogram display of wake and sleep EEG from a different patient. Transient photic driving responses can be easily distinguished from epochs of resting wakefulness and sleep during a 50-min recording. These graphs illustrate the information-rich nature of the quantitative spectrogram when applied to long EEG segments and displayed in an efficient fashion.
Monitoring of status epilepticus
The EEG segment shown in Fig. 6 documents a nonconvulsive seizure discovered during an EEG performed to evaluate a 52-year-old man with hepatic failure and prolonged obtundation of uncertain origin. Clinical seizure activity was not evident despite the repetitive occurrence of electrographic seizures arising from the left hemisphere. Continuous EEG monitoring was initiated to evaluate the effects of therapy.
The results of ∼5 h of EEG monitoring are depicted in a series of graphs in Fig. 7 . These graphs display color- compressed spectral arrays created by analyzing consecutive 16-s epochs of averaged power from a combination of four bipolar linkages in the left and right hemispheres, respectively. Artifact channels are used to detect EEG epochs containing very high amplitude transients of probable artifactual origin, and line graphs depict total power in the 6-to 14-Hz band from the right and left hemispheres.
Both the spectrogram and 6-to 14-Hz power graph depicting left hemispheric activity show clear sudden peaks of activity that correspond to seizures evident on the raw EEG tracings (as shown in Fig. 6 ). Despite treatment with BZDs, PHT, and phenobarbital (PB), refractory nonconvulsive seizure activity persisted. Propofol anesthesia finally controlled the patient's refractory electrographic seizure activity.
Use of continuous EEG monitoring to assess ongoing therapy
Figures 8 and 9 depict ongoing EEG findings in a 72-year-old woman under treatment with PHT, valproate (VPA), topiramate (TPM), and propofol for therapy of refractory nonconvulsive status epilepticus. Before intensification of standard AED therapy, she had been having intermittent clinical seizures, but later only electrographic seizures were evident (rhythmically repetitive high-amplitude generalized sharp-wave complexes, frequently left hemisphere maximal, recurring at 1.5-2 Hz). The EEG in Fig. 8 depicts the patterns evident during an ongoing propofol infusion.
When the propofol infusion was interrupted at about (1:) 09:47:54 because of a technical malfunction, a rapid change was evident on the quantitative EEG spectrogram display (see Fig. 9 ). This consisted of a fairly sudden increase in EEG power in the theta and alpha bands in both hemispheres. No clinical changes were evident. Recognition of this change prompted immediate analysis of the accompanying raw EEG data (see Fig. 10 ), which showed recurrence of repetitive high-amplitude generalized sharp-wave complexes, suggestive of recrudescence of nonconvulsive status epilepticus. These findings led to the discovery of an intravenous malfunction that had interrupted the ongoing propofol infusion. Reinitiation of the infusion led to rapid abatement of the repetitive sharp-wave complexes.
Continuous EEG monitoring for cerebral ischemia
The EEG segment depicted in Fig. 11 , recorded during a left carotid endarterectomy, shows a 40-s epoch (20 s above and 20 s below) during which the patient's left carotid artery was initially clamped. Loss of power in the beta and alpha bands on the left developed rapidly after clamping of the carotid. This change prompted release of the carotid clamp, after which EEG patterns rapidly returned to baseline.
The observation of this change was followed by placement of a vascular shunt to maintain left hemispheric perfusion. Carotid clamping again led to changes similar to those seen in Fig. 11 , but these changes resolved when the vascular shunt was opened. Quantitative EEG panels (Fig. 12, depicting 150 min of quantitative intraoperative EEG) allowed ready identification of the loss of EEG power associated with carotid clamping and subsequent left hemispheric ischemia (see arrow at A). Baseline activity returned with opening of a synthetic vascular shunt. Note that left hemispheric ischemia developed again (see arrow at B, Fig. 12 ) when the shunt was removed in preparation for opening the repaired carotid artery. After opening of the carotid, baseline activity rapidly returned, indicating reestablishment of adequate blood flow and cerebral recovery. The patient awoke from the operation without neurologic changes.
COST-EFFECTIVENESS
Little information is available regarding the costeffectiveness of CEEG monitoring. In part, this is due to the early stage of development of this technique. This also is related to rapid changes in the technology used to perform CEEG monitoring. Each year provides new capabilities, often at decreased overall cost, making timely assessment of cost-effectiveness difficult.
Vespa et al. (23) assessed available data from their monitoring experience at UCLA, and concluded that CEEG accounted for only 1% of hospital costs and, during its use, significantly affected critical decision making in >90% of 300 patients who underwent monitoring. They concluded, "CEEG is cost-effective and appears to offer additional quality to intensive care." Claassen et al. (24) , evaluating their experience in 15 patients undergo- ing CEEG for evaluation of status epilepticus or nonconvulsive seizures associated with altered consciousness, determined that CEEG monitoring influenced clinical management-usually decisively-in 50 of 109 monitoring days. Assessing the cost-effectiveness of CEEG will, however, remain a difficult task (1) . This is because the technology and capabilities continue to evolve rapidly, and because, given the clear diagnostic and therapy-guiding benefits evident to many patients undergoing monitoring, randomization of comatose and obtunded patients to receive or forego such monitoring may not be ethical.
AREAS REQUIRING ADDITIONAL DEVELOPMENT AND DEFINITION
Many aspects of the application and interpretation of CEEG monitoring remain poorly defined. Some of these areas of uncertainty were recently reviewed by Vespa et al. (23) . Outstanding questions include 
CONCLUSION
CEEG monitoring can now be used as a powerful adjunctive tool in the evaluation and treatment of obtunded and comatose patients. Technologic advances have minimized the previously problematic areas of data storage and near real-time availability of EEG data for rapid analysis and interpretation. Although many areas of potential use require additional study, indications such as observation for nonconvulsive seizure activity merit immediate widespread use of this tool. CEEG monitoring provides a much-needed means for the assessment of brain function in critically ill patients. It is likely that ongoing refinements in this technique will enhance its utility and lead to extensive application of CEEG monitoring in ICU settings over the next decade. 
